WHEN AND WHERE WILL I FIND MY NEXT MEAL?: QUANTIFYING
THE EFFECTS OF SPATIOTEMPORAL FORAGE PREDICTABILITY ON
UNGULATE MOVEMENT BEHAVIORS IN TWO DISPARATE
ECOSYSTEMS

by

Madeline Standen

A thesis submitted in partial fulfillment of the requirements for the degree of Master
of Science (Environment and Sustainability)
in the University of Michigan
August 2023

Thesis Committee:
Professor Neil H. Carter, Chair
David C. Stoner, PhD
Mark A. Ditmer, PhD



Abstract

Environmental predictability is increasingly accepted as an overarching driver of
animal movement strategies, via its role in the evolution of cognitive abilities that
allow species to exploit the spatiotemporal variability of their environments. Recent
research has furthered our understanding of how predictability not only underlies
animal movement tactics, but also directs movement decisions as a source of
information relevant to behaviors such as site fidelity and home-range establishment.
Although research has examined the relationship between predictability and
movement strategies at the species level, the mediating influence of environmental
context is rarely considered. In addition, research has mainly focused on the
relationships between predictability and large-scale movement behaviors, and much
less is known about environmental predictability in regard to animal movement over
finer scales. We address these knowledge gaps by examining how environmental
predictability of a mule deer seasonal home ranges relates to average daily movement
in two populations inhabiting disparate ecoregions in Utah, USA. We employ two
separate metrics of predictability, representing spatial and temporal constancy of
Normalized Difference Vegetation Index (NDVI) values, and explored how home
range area and forage abundance modulated the relationships between constancy and
daily relocation distance. We found that spatial constancy of an individual’s home
range significantly impacted daily relocation distance during the summer and had
significant interactions with home range area and forage availability. Interestingly,
individuals inhabiting spatially predictable home ranges moved more when in a
seasonally limiting environment, and less in a non-limiting environment, and forage
availability within a spatially predictable home range functioned to reduce the
directional impacts of predictability. Temporal constancy was a significant predictor
of daily movement in non-limiting seasonal environments, resulting in shorter daily
movements in temporally predictable home range areas. Finally, | found a significant
interaction between spatial and temporal constancy, which resulted in shorter daily
movement of individuals inhabiting home ranges that were spatially and temporally
predictable. Together, our results demonstrate the use of environmental predictability
in practical foraging decisions that enable animals in these populations to meet
nutritional and life-history requirements and support the need to consider
environmental context when studying environmental predictability and animal
movement. Understanding how habitat quality and predictability impact daily
movements and energy expenditure of ungulates at a population level aids our ability
to predict how shifts in vegetation dynamics will impact individual fitness, population
demographics, and ecosystem functioning.
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Introduction

Movements are the product of interactions between an animal and its
environment (Schick et al., 2008). Environmental predictability — reliability of an area
in terms of resource availability — has garnered attention as an overarching driver of
movement behavior and large-scale movement tactics of a wide variety of taxa
(Bastille-Rousseau et al., 2017, giant tortoises; Passadore et al., 2018, dolphins;
Abrahms et al., 2019, whales; Ferguson et al., 1999, bears). As an individual's
survival depends on its ability to locate resources, environmental predictability
provides fitness benefits to individuals who are able to exploit it (Albon & Langvatn,
1992; Middleton et al., 2018). As such, it underlies the evolution of cognitive abilities
relating to navigation, perception, memory, and learning which ultimately determine
where, when, how, and if an organism moves, and how plastic their movement
behavior is (Fagan et al., 2013; Mery, 2013; McPeek & Holt, 1992; Morand-Ferron et
al., 2016; Mueller & Fagan, 2008; Owen-Smith et al., 2010). In-turn, these abilities
direct movement by allowing animals to respond to the contemporary predictability
of their environment, which represents a crucial form of environmental information.
Under this theoretical framework, environmental predictability both underlies and
directs animal movement and space use. Increasing appreciation for the dual role of
environmental predictability in determining species’ cognitive abilities and serving as
a source of environmental information has produced a fast-growing body of literature
on the topic (Jonzén et al., 2011; Riotte-Lambert & Matthiopoulos, 2020; Teitelbaum
& Mueller, 2019). Improvements in biologging and remote sensing technologies have
furthered this research by improving our ability to determine how individuals respond
to dynamic resource landscapes (Bautista et al., 2023; Crook et al., 2020; Neumann et
al., 2015).

Although research has examined the relationship between predictability and
movement behaviors at the species level, the mediating influence of environmental
context is rarely considered despite the gradient of climatic and ecological conditions
faced by populations of wide-ranging, habitat generalists. Populations of a given
species inhabiting disparate landscapes are confronted with different suites of
conditions that impose unique constraints on moving individuals (Strickland et al.,
2005). As such, movement decisions — and the weight of factors incorporated into
those decisions — may vary greatly from one population to another. Indeed, in many
ungulate species we observe variation between populations in movement and space
use tactics (Bolger et al., 2008), but the extent to which differences in environmental
predictability — and its use as a form of environmental information — drives this
intraspecific variation is seldom examined (but see research on roe deer, Morellet et
al., 2013; Peters et al., 2019). Examining intraspecific variation in movement
behavior and plasticity is important, as differences at the population level can impact
large-scale community and ecosystem processes (Shaw, 2020).



Ungulates frequently face resource limitations that impact their survival (Kie,
1999) and therefore environmental conditions play a large role in their movement
decisions (Sather, 1997; Senft et al., 1987). At large scales, ungulates’ movement
tactics allow them to maximize access to high quality forage by timing relocations in
accordance with vegetation dynamics and choosing areas with reliably available
resources (Aikens et al., 2020; Bischof et al., 2012; Hebblewhite et al., 2008; Merkle
et al., 2016). These strategies — observed at the species, population, and individual
level — necessitate cognitive abilities and movement tactics that are, in theory, reliant
on environmental predictability of resources; however, research regarding ungulate
movement has often included the concept of environmental predictability as a factor
posited to be encapsulated by the qualitative conditions of the study system (e.g.,
Martin et al., 2015; Joly et al., 2021) rather than as a quantitative metric that is
empirically tested. In order to make more conclusive statements about the influence
of environmental predictability on animal movement, integrating better quantitative
methods into a theoretical framework is necessary.

Where predictability has been defined and considered in analyses, a large
degree of variation exists. Most studies calculate predictability by quantifying some
form of spatial or temporal variability or deviation of an environmental variable (most
commonly forage, quantified with Normalized Difference Vegetation Index) (e.g.,
Bastille-Rousseau et al., 2017; Mueller et al., 2011). Several studies cite Colwell’s
(1974) pioneering work regarding order and disorder of environmental variables
(Abrahms et al., 2021; Peters et al., 2019; Tonkin et al., 2017) and some research
efforts (Couriot et al., 2018; Morrison et al., 2021) employ his decomposition of
predictability into two separate metrics: constancy, the inverse of the variability of
resource conditions a) across space and b) throughout time, and contingency, the
regularity of seasonal cycling. These metrics capture unique components of an
organism’s resource landscape by identifying inter- and intra-annual predictability,
respectively, and they represent predictability at different spatial and temporal scales.

Both scale and habitat quality are important to consider when studying the
effect of environmental predictability on animal movement (Wiens, 1989).
Movements occur at a wide range of spatial and temporal scales, (Benhamou, 2014;
Fryxell et al., 2008; Owen-Smith et al., 2010) and predictability must be considered
and calculated at an appropriate spatial scale for the type of animal movement
considered. Research to date has mainly focused on the relationships between
predictability and large-scale movement behaviors, by examining predictability
across a populations’ range area and relating that to behaviors such as migration (e.g.,
Mueller et al., 2011). Much less is known about environmental predictability in
regard to animal movement at finer scales, where foraging decisions are predicated on
food item value and costs associated with movement and digestion (Stephens &
Krebs, 1986).



Additionally, the response of a species to the predictability of its environment
may not be consistent throughout the year, as individuals' ecological requirements
fluctuate seasonally (e.g., protein vs fat gain) (Johnson et al., 2021; Lesage et al.,
2001; Monteith et al., 2011). Seasonal conditions can alter associated costs and
benefits of movement (Gilbert et al., 2017; Robinson & Merrill, 2012; Sand et al.,
2006), which may change animals' proclivity to use environmental predictability as a
source of information when making movement decisions (Jonzén et al., 2011) or shift
which type of predictability (spatial or temporal) provides the most relevant
information. Finally, the benefit that ungulates derive from forage is a function of
quality, quantity, and rumination dynamics (Fryxell, 1991; Hebblewhite and Merril,
2009; Van Soest, 2018). The tradeoffs between these factors are well documented to
impact ungulate movement (Hebblewhite et al., 2008; Stratmann et al., 2023) and
result in selective feeding behaviors (Esmaeili et al., 2021). Because ungulates select
for forage quality forage at multiple scales (e.g., plant, patch, landscape)
(Hebblewhite et al., 2008; Senft et al., 1987) and small changes in forage quality can
increase nutrient intake (White, 1983), habitat quality also influences foraging
dynamics and as a result affects movement and space use.

In this study | examine how environmental predictability acts as a source of
environmental information driving movements of two populations of mule deer
(Odocoileus hemionus) inhabiting disparate environments in Utah, USA. Specifically,
| assess how spatial and temporal predictability of an individual’s seasonal home
ranges affect daily displacement under contrasting conditions of seasonality, forage
quality, and home range area (Figure 1). Daily movement is indicative of deer time
budget and energy balance which can impact overwinter survival (Bender et al.,
2007) and litter size (Tollefson et al., 2010), which directly impact population
parameters of mule deer. Movement also may make individual animals more
susceptible to predation (Lima & Bednekoff, 1999). Finally, daily movement is an
indicator of space required by an individual to meet its daily nutritional needs (Geist,
1981), which dictates the carrying capacity of the environment in question (Pastor et
al., 1997).

Mule deer are well suited for this analysis because they have adapted to
extreme environmental gradients, like those present in our study region of Utah, and
there is a breadth of knowledge about their biology, ecology, and physiology
(Heffelfinger, 2006). In addition, the small rumen to body size ratio of mule deer
requires them to be more selective than other ungulates in their forage intake (Cox et
al., 2009). This selectivity may result in strong observable responses to the
predictability of the landscape. | hypothesize that vegetative productivity, as a proxy
for forage quality, will mediate the relationship between movement decisions and
environmental predictability. | also expect the population experiencing the most
intense seasonal differences (North Slope of Utah), will respond more strongly to



environmental predictability within their home ranges relative to mule deer inhabiting
the far less seasonal region in southern Utah (Pine Valley).

Mule deer are widely distributed and abundant across the American West, and
understanding how environmental predictability relates to daily movement and space-
use patterns is important for management of this ecologically, economically, and
recreationally important species (Heffelfinger & Messmer, 2003), especially in
increasingly modified and fragmented landscapes (Sih et al., 2011). As environmental
predictability and habitat quality wane under the increasing intensity of climate
change and human development, integrating measures of environmental predictability
into wildlife studies will become increasing critical to make correct inference.
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Figure 1 Visual depiction of how this study (denoted by the dashed circle) fits into the larger environmental
predictability paradigm. Components that are empirically tested are indicated in colored boxes.

Methods

Mule deer GPS data

Mule deer were captured using the helicopter net-gun technique (Jacques et al., 2009)
and fitted with GPS collars (model type G2110E2H, G5-2DH, or W300; Advanced
Telemetry Systems, Isanti, MN, USA) by the Utah Department of Wildlife Resources
(UDWR) spanning the years 2015-2023 (see Van de Kerk et al., 2020 for details).
Professional capture and ground crews handled animals following the most current
version of the guidelines for the use of wile mammal species laid out by the American



Society of Mammologists (Sikes et al., 2011). Mule deer in Utah are classified into
defined wildlife management units by the UDWR. Here | utilized data from two
management units, one in the northeast corner of the state, the North Slope (306,470
ha), and one in the southwest, Pine Valley (350,980 ha). As movement was not
constrained by state boundaries, home ranges extend into Wyoming for deer in North
Slope, and into Nevada for deer in Pine Valley (Figure 2).

Level IV Ecoregion

13b Shadscale-Dominated Saline
Basins 42oN
13¢ Sagebrush Basins and Slopes

13d Woodland- and Shrub-
Covered Low Mountains

14a Eastem Mojave Basins i
[ | Esstem Mojave Low Raages
and Arid Footslopes

- 14¢c Eastern Mojave Mountain
Woodland and Shrubland

18a Rolling Sagebrush Steppe 4o
18¢ Sub-Irrigated High Valleys

[ 3¢ Foothll Shrublands and Low
Mountains

B 18¢ Salt Desert Shrub Basins
39°N+
19a Alpine Zone

I 19b Uinta Subalpine Forests

19¢ Mid-Elevation Uinta
Mountains

19d Wasatch Montane Zone i i,

Pine Valley

19¢ High Plateaus
19f Semiarid Foothills
I 195 Mountain Valleys

20c Semiarid Benchlands and
Canyonlands

Home Range [Ranspanyl

o 01530 60km

37°N- —
L Summer

T o a T T T T T = 3
20f Uinta Basin Floor 114°W 13°W 12°W 11w 110°W 100°W I_ 1 Winter
20g Northern Uinta Basin Slopes

Figure 2 Map of study areas in Utah, USA. Ecoregions (Level IV) were only displayed if intersecting
with or relevant to home range locations. Minimum convex polygons used to denote study areas were
created from home range centroids. Summer and winter home range areas represent 95% Kernel
Utilization Distributions (Kernel UD).

Seasonal home range characteristics

Utah is a land of contrast, and the state is characterized by extreme variations
in elevation (Banner, 1992), which results in distinct spatial patterns of interrelated
environmental factors such as precipitation, temperature, and evapotranspiration.
Together these factors determine the amount and type of vegetation that occurs in any
given environment across the state. Like most ungulate species in the Intermontane
West (Fryxell & Sinclair, 1988; Garrott et al., 1987; Monteith et al., 2011), mule deer
in these populations spend the summer months in high elevation areas and return to
lower elevation areas in the winter. Characteristics of summer and winter home range
areas for both populations are summarized in Table 1 (Omernik, 1987, Omernik,
1995, Ramsey & West, 2009; U.S. Environmental Protection Agency, 2000; UDWR,
2020, a&b).



In temperate environments, forage quality and availability are generally lower
in the winter, and as such, movements should reflect the need to access forage while
keeping energetic costs low; however, energetics and outcomes of movement in the
winter are markedly different for individuals in these the two populations. The North
Slope has deep winter snowpack that can function to hinder or prevent movement and
restrict access to forage (Parker et al., 1984; Parker et al., 2009; Robinson & Merrill,
2012), and cold seasonal temperatures in that region require increased energy to
maintain homeostasis. For deer inhabiting areas like the North Slope, winter forage is
considered a mere subsidy, and individuals must rely largely on fat reserves gained
during the summer to sustain them through the harsh winter (Bishop et al., 2009). In
Pine Valley, winter snow is ephemeral, and temperatures are mild enough to provide
forage, although of a lower quality, for most of the winter season.

In the summer, forage quality and availability are higher. For ungulates like
mule deer, summer is a crucial and energetically demanding time, as individuals may
have to balance movement constraints imposed by their young (Bowyer et al., 1998;
Loudon et al., 1983) and the need to accumulate body fat before winters onset (Parker
et al., 2009; Cook et al., 2004). Again, these assumptions are nuanced by the
ecoregion inhabited by the population in question, as the temporal dynamics of
summer forage quality are different between these two study regions. In North Slope,
higher altitude summer home ranges have prolonged snowmelt and cooler
temperatures, which has been demonstrated to produce higher quality forage and
lengthen the growing season in such ecosystems (Albon & Langvatn, 1992; Parker et
al., 2009; Goodson et al., 1991). During this time individuals must replenish body fat
lost during the previous winter and ensure that they have a favorable ratio of energy
intake to expenditure so as to accumulate enough body fat to survive the coming
winter (Moeslund et al., 2013). The semi-arid environment in Pine Valley limits net
primary productivity, and forage quality declines earlier in the season in comparison
to the North Slope. In arid environments, water is often a key limiting resource for
organisms and for the forage upon which animals depend (Nandintsetseg et al., 2019;
Cox et al., 2009) and mule deer movements are often constrained by proximity to
water (Shields et al., 2012).



Table 1 Seasonal home range information.

Range

North Slope
Summer

Krahulec, K

Ecoregion (Level 1V)
/I Life Zone(s)

Climate & Hydrology

Natural Vegetation

Ownership // Land
Use

Mix of mid-elevation
Uinta mountains
(2438 — 3048 m) //
Mountain and High
Mountain AND
Subalpine Forests
(3048 — 3353 m) //
Subalpine.

Mean annual snowfall is
between 20-30+ inches
and exceeds 70 inches
in mid-elevation and
150 inches in highest
regions. Good quality
perennial streams are
found in deep canyons.

Mountain and high-
mountain regions
dominated by
Douglas-fir forest with
lodgepole and
ponderosa pine, aspen
parkland, and a
sagebrush and forb
understory. In lower
riparian areas willow
and cottonwood are
present. In subalpine
areas western spruce-
fir forest exists with
lodgepole pine and
aspens interspersed.
Subalpine understory
consists of mainly
sedge.

Forest Service (87%)
and Private (8%) //
Mostly wildlife
habitat with some
logging, seasonal
rangeland, and water
supply.

North Slope Winter

Pine Valley
Summer

o b~

Hanser, S

Mainly semiarid
benchlands and
canyonlands (1524 —
2286 m), semiarid
bear hills (1935 —
23467 m), and wet
valleys (1829 — 2012
m), with some
semiarid foothills
(1524 — 2438 m) // all
Upland.

Mainly woodland
and shrub covered
low mountains (1524
—2743m) //
Semidesert.

Some semiarid
foothills (1524 —
2438 m) // Upland.

Some high plateau
(2438 — 3353 m) //
Mountain.

Between 10-16 inches
of rain annually,
reaching up to 25 inches
at higher elevation
semiarid foothills,
canyonlands, and
benchlands. Some
streams occur in
semiarid foothill areas,
originating from higher
elevation regions.

High plateau areas
receive between 16-40+
inches of rain annually
and have a deep winter
snowpack which
provides water to lower
elevation mountains and
foothills during the late
spring and summer
where rainfall averages
10-22 inches annually.
Streams in lower
elevation areas are
ephemeral.

Wet valleys contain
sagebrush steppe,
sedges, alkali sacaton
and bluegrass. Juniper
woodlands and
sagebrush occur in
semiarid bear hills.
Higher elevation
foothills are dominated
by juniper-pinyon
woodland, sage-
parkland, and
mountain brush.

Juniper-pinyon
woodland and
sagebrush co-dominate
at low elevations.
Mountain mahogany-
oak scrub and
ponderosa pine occur
in semiarid foothills.
Spruce, fir, and pine
forests dominate high
plateau areas with
aspen stands occurring
on south facing slopes.

Forest Service (42%),
Bureau of Land
Management (24%),
Utah State
Institutional Land
Trusts (11%), and
Private (21%) //
Rangeland, pasture,
and some irrigated
agriculture in lower
elevation areas. Some
areas contain
oil/natural gas fields.
Woodland grazing in
semiarid bear hills.

Forest Service (67%),
Bureau of Land
Management (11%),
Wilderness areas
(15%) 1/

Rangeland,
woodland, and
logging at low
elevations. Water
supply and heavy
seasonal grazing on
high plateaus.



A mix of creosote
bush-dominated
basins (671 — 1219
m), woodland and
shrub covered
mountains (low and
high, 1219 — 2743
m), and sagebrush
basins and slopes

Pine Valley Winter

Between 6-12 inches of
rain annually in low
elevation basins and
increasing to 10-22 in
mountainous areas.
Snow is ephemeral.

Creosote bush
dominates in lowest
elevation arid basins
along with Joshua-tree
and several grasses.
Juniper-pinyon
woodland and
sagebrush occur in
lower elevation
mountains and basins.
Higher elevation

Forest Service (38%),
Bureau of Land
Management (44%),
Private (13%) //
Rangeland and
woodland at higher
elevations with
logging and irrigated
farming at lower

(13412255 m) // all
Semidesert

mountainous areas are
covered in mountain
brush and juniper-
pinyon woodland.

elevations.

NPS

Season determination

Our goal was to examine movement occurring within a seasonal home range,
so | delineated seasons based on timing of movements between summer and winter
range areas, excluding days during which these movements occurred (referred to as
the “shoulder”). Shoulder dates were determined for each study region by identifying
the Julian days at which the rate of change of the average net-squared-displacement
(NSD) was the greatest. NSD was calculated using the amt package (version 0.1.6;
Signer et al., 2011) in R software (R Core Team, 2023) and represented the straight-
line displacement from an individual’s location on January 1. After delineating season
start and end dates, | excluded individuals if they did not have locations for at least
2/3 of the days within the season. Number of locations was not significantly
correlated with home range area or daily distance (Supplementary Table 1). Seasons
were delineated separately for each capture unit (Supplementary Table 2).
Animal home range and daily movement

GPS collars acquired fixes at intervals between 2-24 hours; however, the
majority (>80% of individuals) collected locations at either 2 or 12-hour frequencies.
Prior to analysis, all trajectories were re-sampled to a frequency of 12 hours to
minimize frequency impacts on calculated individual home range areas. The average
distance moved per day within the summer and winter ranges was measured by
summing the distance (m) between each relocation, calculated with move (version
4.1.10; Kranstauber et al., 2021), and dividing the total by the number of days of data
that each individual had during that season. To identify the spatial limits for
quantification of environmental predictability and quality, | estimated each
individual’s year-specific summer and winter home ranges (ha) using a 95% kernel
density estimate in adehabitatHR (version 0.4.20; Calenge, 2006), employing an ad
hoc method for smoothing (supported by Bowman, 1985; Schuler et al., 2014,
Worton, 1989). After excluding individuals based on the above season-specific
criteria, our final set of home ranges included 225 unique individuals (North Slope, n
= 66; Pine Valley, n = 159) for a total of 880 seasonal home ranges (North Slope



Summer, n = 119; North Slope Winter, n = 151; Pine Valley Summer, n = 248; Pine
Valley Winter, n = 362). | used these 95% home ranges to extract remotely sensed
vegetation metrics used to calculate habitat quality and predictability.

Habitat indices

To quantify metrics for predictability and habitat quality, I used Normalized
Difference Vegetation Index (NDVI) derived from MODIS satellite imagery
(MOD13Q1.061 product) with a 250-meter spatial resolution and a 16-day temporal
resolution. NDVI imagery was collected via Google Earth Engine for years 2011-
2022 (Gorelick et al., 2017) and rescaled from -1.0 to 1.0. NDVI is commonly used as
a proxy for forage availability and quality and has been demonstrated to be accurate
at predicting resource availability and productivity for herbivores such as ungulates
(Hamel et al., 2009; Pettorelli et al., 2005; Ryan et al., 2012). In addition, NDVI has
high temporal resolution and has consistent coverage and utility across diverse
landscapes. The mean NDVI was calculated across all composites with dates within a
given season using all pixels within the individual’s home range.

Following Colwell’s (1974) definition of predictability and employing the
methodologies of Morrison et al (2021), constancy (C) was calculated using
Shannon’s entropy (H) (1948). For our constancy calculations, 100 intervals (n =
100) were employed in the Shannon’s Entropy calculation to find the proportion of
pixels (Pi) falling within each interval between the minimum and maximum value.

C = 1—-H/log(n)
H = =Y P xlog(P)

Temporal constancy, the variance in NDVI value of an individual pixel
through time, was calculated on a pixel basis and then averaged across the entire
home range (Figure 3, top). Spatial constancy, the instantaneous variance of NDVI
across an individual’s seasonal home range, was calculated across each 16-day NDVI
composite and then averaged through the entire season (Figure 3, bottom). Both
spatial and temporal constancy ranged from 0 to 1, representing low and high
predictability, respectively. Finally, I calculated the mean NDVI across the home
range for the entire season, including all composites, which represented the overall
forage quality of the home range.
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Figure 3 Visual representation of temporal (2) and spatial (b) constancy calculation and visualization
comparison of constancy of hypothetical home ranges. X-bar represents final average taken over the
entire home range (a) or the entire length of the season (b) to produce the final temporal and spatial
constancy values for each individuals’ seasonal home range. In ¢, spatial constancy increases moving
from left to right and temporal constancy increases moving from top to bottom.

Regression of predictability and home range area

| observed high correlation between home range area and our two metrics of
predictability (Supplementary Figure 2 a & b). This relationship was not unexpected,
as variability inherently increases as the area over which these metrics were
calculated increases. As one of the goals of this study was to determine if
environmental predictability could explain variation in daily movement unrelated to
range area, we regressed the variables of home range area and predictability, both
spatial and temporal, to calculate residual values for each seasonal home range. In the
field of landscape ecology, indexes are commonly used to compare different
landscapes, and | employ these residuals values here as a form of habitat index to
represent the relative predictability of a home range given its size, with positive
values indicating a more predictable area, and negative values representing a less
predictable area (Turner, 1989). | employed a third-degree polynomial for these
regressions and ran separate regressions for each combination of season and
population.

It is important to note that while these metrics of predictability were
calculated using NDVI values, they do not represent a metric of resource quality. A
high value of predictability does not correspond to high NDVI, rather, it indicates that
resources are consistent, either in space or time — these resources could be predictably
“bad” or “good”.
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Modeling approach

Linear mixed-effects models (LMM) were used to determine how daily
displacement varied between populations and across seasons, and test what drives this
variation. Both home range area (ha) and our response variable (daily distance, m)
were log transformed prior to analysis — and prior to regression with our predictability
metrics in the case of home range area — to normalize their distribution. Data was then
standardized (scaled and centered, as suggested by Schielzeth, 2010) in order to be
able to compare effect sizes between models and interpret main effects in the
presence of interaction terms (Engqvist, 2005). LMM (Ime4, version 1.1-32; Bates et
al., 2015) allowed us to incorporate animal 1D and year as random effects that could
account for consistent individual differences in movement (Montgomery et al., 2018)
and effects of yearly stochastic weather (Ogutu et al., 2014). Because home range
area and daily distance are mechanistically correlated (Borger et al., 2008; Moorcroft
& Lewis, 2013; Viana et al., 2018), | included home range area as a predictor of daily
distance. I modeled this relationship using a spline (df = 3) to account for its clear
non-linear nature (Supplementary Figure 1). All other main effects and interaction
terms were modeled with linear relationships.

I ran four linear mixed models for each combination of season (spring and
winter) and population (North Slope and Pine Valley). Our final model structure
included the main effects of spatial constancy, temporal constancy, forage quality,
home range area, and interactions terms for spatial & temporal constancy x area,
spatial & temporal constancy x forage quality, and spatial constancy x temporal
constancy, for a total of 9 fixed effects and two random effects (year and animal ID).
The same fixed and random effects’ structure was used for all models. Parameter
estimates were obtained using Restricted Maximum Likelihood (REML) to avoid bias
in variance components assigned to fixed and random effects (Nakagawa &
Schielzeth, 2013; Pinheiro & Bates, 2006).

Results
Population differences

Forage quality was higher in summer range areas than during the winter for both
populations, but values were more variable during summer (Table 2, Figure 4). Home
range areas were smaller in the summer than the winter for both populations. (Table
2, Figure 4). Average daily distance was similar between seasons in the North Slope,
but individuals in Pine Valley had greater daily movements during the winter than
during the summer on average (Table 2, Figure 4).
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Table 2 Summary mean (x), standard deviation (o), and confidence interval (Cl) of forage availability
(mean NDVI), home range area (ha), and daily distance (m) for each combination of season and
capture unit.

Statistic
Range NDVI HR Area Daily Distance
Summer
X 0.589 1583.54 1139.52
North Slope c 0.085 5127.89 393.69
Cl 0.573 - 0.604 652.66 - 2514.41 1068.05 - 1210.99
X 0.543 1787.41 831.51
Pine Valley c 0.069 5470.86 499.85
Winter Cl 0.534 - 0.552 1103.17 - 2471.66 768.99 - 894.03
X 0.290 5989.80 1046.22
North Slope c 0.047 9809.27 259.51
Cl 0.282 - 0.297 4412.50 - 7567.10 1004.49 - 1087.95
X 0.380 3559.36 1315.00
Pine Valley c 0.036 9780.10 495.09
Cl 0.377-0.384 2548.49 - 4570.23 1263.83 - 1366.18
Forage Availability HR Area
0.8 12.5
10.0
0.6 E
7 04 §
T 5.0
0.2
Daily Distance
Home Range
= North Slope Summer
=
-T;f 7.0 North Slope Winter
é Pine Valley Summer
6.0 Pine Valley Winter

Figure 4 Summary violin plots of home range forage availability and area, and daily distance values.
Values for area and distance are natural log transformed.
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Model results
Increased forage quality within an individual’s seasonal home range resulted in

greater daily movement in the winter (North Slope, x = 0.225, p = <.001*; Pine
Valley, x = 0.085, p = 0.144) and shorter movements during the summer (North Slope,
x =-0.012, p = 0.641; Pine Valley, x = -0.232, p = <.001*). Daily movement distances
of mule deer increased with greater estimated spatial predictability — representative of
the average “instantancous” homogeneity of NDVI values across an area — at the
home range scale (North Slope winter, x = 0.051, p = 0.172; Pine Valley summer, x =
0.134, p = <.001*; Pine Valley winter, x = 0.041, p = 0.145). The exception to this
relationship was in the North Slope during the summer, where greater spatial
predictability was associated with significantly shorter daily movements (North Slope
summer, X = -0.065, p = 0.021%*). Daily movement of deer decreased with greater
temporal predictability — representative of the average homogeneity of a single NDVI
pixel over the entire season — (North Slope summer, x =-0.106, p = 0.006* ; Pine
Valley summer, x = -0.014, p = 0.665; Pine Valley winter, x = -0.063, p = 0.045%);
however, in the North Slope in the winter, animals moved greater distances in more
temporally predictable landscapes (North Slope winter, x = 0.064, p = 0.279).
Random effects of year and animal are summarized in the supplementary material
(Figure 4 & 5).

Summer Winter

Summer Effects
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Pine Valley

Winter Effects
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@ Pine Valley
Significance
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Scaled Effect
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@
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NDVI Spatial Temporal NDVI Spatial Tempaoral

Figure 5 Effect plot for main effects in mixed effects models. Values are scaled.
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In the North Slope, I found significant interactive effects between summer
home range area and both metrics of predictability. As summer home range area
increased, the negative significant effects of both spatial (x =-0.065, p = 0.021*) and
temporal (x =-0.106, p = 0.006%*) predictability became greater (spatial:area, x = -
0.048, p = <.001*; temporal:area, x = -0.093, p = 0.004*), and daily movements of
deer decreased (Figure 6). Deer in Pine Valley exhibited similar relationships
between summer home range area and temporal predictability (x = -0.041, p = 0.135)
and winter home range area and spatial predictability (x = 0.027, p = 0.070), however
these relationships were not statistically significant. See supplementary material for
plots depicting non-significant interactions between home range area and
predictability (Supplementary Figures 3a & b).
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Figure 6 Interaction plot between summer home range spatial (left) and temporal (right) constancy
and area for the North Slope. Lines represent the marginal effects of the 97™, 50™, and 2.5" percentile
values of spatial and temporal constancy, corresponding to high, normal, and low predictability
respectively. Random effects were incorporated into predictions and are reflected in the confidence
intervals, shown by the shaded region corresponding to each marginal effect level. Calculated
confidence intervals were based on standard errors, assuming a normal distribution with ggeffects
(version 1.2.3).
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During the summer, the effect of spatial predictability on daily movement was
modulated by forage. In the North Slope, high spatial predictability tended to result in
smaller daily movements; however, as forage quality increased, deer inhabiting
spatially predictable home ranges moved significantly more than deer with
unpredictable home ranges (spatial:NDVI, x = 0.046, p = 0.022*). In Pine Valley,
spatial predictability resulted in larger daily movement; however, as forage quality
increased, deer inhabiting spatially predictable home ranges moved less per day than
deer with unpredictable home ranges (spatial:NDVI, x =-0.091, p = 0.016%*). See
supplementary material for plots depicting non-significant interactions between
forage availability and constancy (Supplementary Figure 3c).
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Figure 7 Interaction plot between North Slope (left) and Pine Valley (right) spatial constancy and
NDVI in the summer. Lines represent the marginal effects of the 97, 50", and 2.5 percentile
values of spatial and temporal constancy, corresponding to high, normal, and low predictability
respectively. Random effects were incorporated into predictions and are reflected in the confidence
intervals, shown by the shaded region corresponding to each marginal effect level. Calculated
confidence intervals were based on standard errors, assuming a normal distribution with ggeffects
(version 1.2.3).
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In Pine Valley during the summer, increased temporal predictability
functioned to reduce the positive effect of spatial predictability on daily distance
(spatial:temporal, x = -0.043, p = 0.028%). | did not observe significant interactions
between these predictability metrics in any other models. See supplementary material
for plots depicting non-significant interactions between spatial and temporal
constancy (Supplementary Figure 3e).
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Figure 8 Interaction plot between summer spatial constancy and temporal constancy for Pine Valley.
Lines represent the marginal effects of the 97, 50™", and 2.5™ percentile values of spatial and temporal
constancy, corresponding to high, normal, and low predictability respectively. Random effects were
incorporated into predictions and are reflected in the confidence intervals, shown by the shaded region
corresponding to each marginal effect level. Calculated confidence intervals were based on standard
errors, assuming a normal distribution with ggeffects (version 1.2.3).
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Table 3 Summary of coefficient estimates (f) and confidence intervals (Cl) for linear mixed models.
Effects are scaled for all models.

Main Effects Random Effects
Model NDVI Spatial Temporal Animal Year
Summer
North y
Slope /] 00019 -0.0647 -0.106 000715  0.000601
CI -0:059320.0330 -0.116 - -0.0115 -0.183— -0.0320 o 00846 0.0245
Pine
Valley B -0.23154 0.134 -0.0139 0.0371 0.00570
Cl  -0.316- -0.149 0.0729-0.195 -0.0764 — 0.0486 o 0193 0.0755
Winter
North
Slope s 0.225 0.0510 0.063637 0.0241 0.00460
Cl 0100-0.345 -0.107 — 0.202 -0.0510 - 0.173 o 0155 0.0678
Pine
Valley B 0.0846 0.0413 -0.0634 0.0693 0.00399
Cl 002790197 -0.0175 — 0.0992 -0.125 - -0.00266 o 0263 0.0631
Interactions
Model NDVI:Spat NDVI:Temp Area:Spat Area:Temp Spat:Temp
Summer .
ort|
Slope B 0.046339 0.033543 -0.0478 -0.093095 0.002653
Cl  0.00624-00832  -0.0104—0.0783  -0.0728— -0.0224 -0.156— -0.0342  -0.0410— 0.0464
\P/;r;fey B 00011 -0.0363 -0.0253 -0.0408 0.0435
Cl  -0.165- -0.0175  -0.0923-0.0201  -0.0582-0.00741  -0.0931-0.0117  -0.0814 — -0.00557
Winter
’s\llzgz B -0.019694 0.051557 -0.035030 0.00507 -0.012669
Cl  -0.146-0.101 -0.0361 — 0.136 -0.0726 - 0.00153  -0.0332—0.0408  -0.0560 — 0.0303
\P/gheey B 0.082815 -0.006070 0.0271 0.0367 -0.006526
Cl  -0.0143-0.178 -0.107 — 0.0943 -0.00188 - 0.0558  -0.0173-0.0895  -0.0395 — 0.0263
Discussion

Empirical studies have related metrics of environmental predictability to
animal movement behaviors at multiple scales (Bauer et al., 2020; Morrison et al.,
2021; Mueller et al., 2011), but the relationship between the predictability of forage
and daily movement within an individual’s seasonal home range has not been
investigated until now. My study demonstrates that environmental predictability
impacts habitat use of mule deer at fine scales. | found that both spatial and temporal
constancy were significant predictors of daily movement and that spatial constancy
had significant interactions with home range area and forage availability.
Additionally, my results indicate that spatial and temporal constancy interact to
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inform movement in certain limiting environments. Importantly, | observed that
population- and season-specific ecological constraints seemed to dictate these
relationships.

Although I expected that individuals in the North Slope would show a greater
response to environmental predictability than those in Pine Valley, | saw strong and
significant responses to spatial and temporal constancy in both populations.
Additionally, | expected that forage abundance would be an important determinant of
daily movement by mule deer and modulate animals’ response to environmental
predictability; however, it was not a significant factor in all seasonal environments.
That I observed such stark differences (in both direction and magnitude) in the
response to environmental predictability between the two populations indicates that
these populations have established wholly unique foraging tactics to deal with their
ecological conditions.

When discussing the potential mechanisms underlying these results, one must
consider the limiting qualities of these seasonal environments. The high temperatures
and arid environment of Pine Valley make this environment “summer limited”, and
the precipitation regime renders the nutritional benefit of forage in this system lower
relative to the North Slope, where prolonged snowmelt and cooler temperatures
support continued plant growth and quality (Hurley et al., 2014; McKinney, 2003;
Marshal et al., 2005). The North Slope is “winter limited” as harsh conditions and
heavy snowpack physically hinder movement and increase associated energetic costs
(Hudson et al., 2002), and so the nutritional benefits of forage must outweigh the cost
of movement to acquire it. However, in Pine Valley, winter conditions are mild, and
snow is ephemeral.

The observed relationships between spatial predictability and daily distance
traveled within a seasonal home range are both reflective of these environmental
limitations and indicative of the information captured in our predictability metrics.
Spatial constancy quantifies the similarity of NDVI values across a given area and
was employed in this study to understand spatial predictability of forage; however,
the NDVI values used in these calculations also may capture functional aspects of the
landscape such as aspect, slope, and cover, which determine landscape heterogeneity.
As such, high values of spatial constancy may signify a more homogeneous home
range.

Empirical studies on large herbivores have found that landscape heterogeneity
impacts multiple aspects of movement and fitness outcomes (Fronhofer et al., 2013;
Giralt-Rueda & Santamaria, 2023; Turner et al., 1997; Roese et al., 1991). In
heterogeneous environments, elk had longer daily movements (Morales et al., 2005),
and woodland caribou moved faster, which increased their encounter rate with forage
(Avgar et al., 2013). Additionally, it has been suggested that in homogeneous areas,
the costs of movement outweigh the limited foraging benefit from a new but similar
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area (Switzer, 1993); a trade-off which may explain the significantly shorter daily
movements | observed for some individuals inhabiting spatially predictable home
ranges. While spatial constancy of resources in an individual’s home range was a
significant determinant of daily movement during the summer for both populations of
mule deer investigated in this study, it resulted in grater movement in Pine Valley
(our “summer-limited” population) and less movement in the North Slope (our
“winter-limited” population).

These contrasting relationships demonstrate the use of environmental
predictability as a source of environmental information incorporated into practical
foraging strategies that enable animals in these populations to meet nutritional and
life-history requirements. Increased movements in spatially predictable home ranges
of deer in Pine Valley represent a strategy for meeting nutritional requirements in this
arid environment. In this population, individuals may move greater distances through
spatially “homogeneous” but poorer quality resource landscapes and select for
nutritional quality or moisture content at the plant or bite level to reduce digestive
processing capacity limitations from poor-quality forage or meet water requirements
(Collins & Urness, 1983; Manser & Brotherton,1995; Owen-Smith, 1994; Van Soest,
2018; Baharav & Rosenzweig, 1985). The tradeoff between forage quality and size
proposed by the forage maturation hypothesis (Fryxell, 1991) is well documented to
impact ungulate movement, and research suggests that deer become more selective as
available forage quality decreases (Hanley, 1997) which is reflected in multiple
aspects of their foraging behavior (time per bite, Weckerly, 1994; rate of travel,
Wickstrom et al., 1984; time spent, Wilmshurst et al., 1995; distance, Owen-Smith,
2013).

For deer inhabiting the non-limiting summer range of the North Slope, the
benefits of movement in spatially predictable home range areas — access to forage
which may be only minimally better than in their current location — may not outweigh
the cost of expending energy — which depletes fat stores that individuals need for
overwinter survival — resulting in less movement in spatially predictable summer
home ranges within this population (Stephens & Krebs, 1986; Switzer, 1993). Travel
costs are an important factor in ungulate foraging decisions (WallisDeVries, 1996;
Murray, 1991), and energy associated with travel is mediated by terrain conditions
(Dailey & Hobbs, 1989), and can increase exponentially in alpine habitats (Fancy &
White, 1987). As such, the observed foraging strategy of deer in this environment
consists of movement minimization within nutritionally homogeneous environments.

Our results also reveal that these foraging strategies are modulated by relative
forage availability within an individual’s home range. While spatial predictability was
associated with shorter daily movement in North Slope during the summer, as forage
availability increased within the home range, deer inhabiting spatially predictable
home ranges traveled more per day than deer inhabiting home ranges with available
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forage that was unpredictable in space (Figure 7). As such, deer in the North Slope
inhabiting areas with available forage that was spatially predictable (Figure 7,
individual b) moved similar distances per day to deer in areas with less forage that
were unpredictable across space (Figure 7, individual a). As forage availability
increases in this seasonal environment, energetic constraints on foraging may be
relaxed, and individuals may forage more selectively in spatially predictable home
range areas by searching for high-quality/rare species that confer the greatest benefit,
increasing daily movement in the process (Murden & Risenhoover, 1993; Stephens &
Krebs, 1986; Hehman & Fulbright, 1997). Simply put, as forage availability
increases, movement to a new location may become “worth it”.

In Pine Valley, spatial predictability of the home range resulted in greater
daily movement within it, but as forage availability increased, the positive effect of
spatial predictability on daily movement decreased. | observe that within home ranges
at all levels of spatial predictability, deer moved relatively similar distances when
forage quality was high (Figure 7). In this population, increased forage availability
likely functions to release individuals from selective foraging requirements imposed
by their limiting environment and renders spatial constancy “obsolete” as a source of
environmental information driving movement. In summation, when considering the
impact of forage availability in these environments, greater forage availability within
a spatially predictable summer home range may incite more movement in the North
Slope, by providing the opportunity for animals to select high-grade forage, but
results in less daily movement in Pine Valley by releasing animals from nutritional
constraints that necessitated movement-intensive foraging behavior.

Temporal constancy — invariance of NDVI throughout the season — was
associated with significantly shorter daily movements in non-limiting seasonal
environments; in home ranges with high temporal constancy of forage, deer in North
Slope moved less during the summer while deer in Pine Valley moved less during the
winter (Figure 5). High temporal constancy may be indicative of landscape features
such as water sources that support continued plant growth and quality throughout the
season (McLaughlin et al., 2017), and influence plant succulence (Noy-Meir, 1973).
When studying ungulate species inhabiting environments similar to that of Pine
Valley winter home ranges, Nandintsetseg et al (2016) found that water resources
largely determined movement and constrained distances animals could move, and
studies on mule deer have shown that animals change their distribution and
movements relative to water sources, especially in desert-like conditions (Hervert &
Krausman, 1986; Rautenstrauch & Krausman, 1989).

Finally, while temporal constancy alone was not a significant predictor of daily
movement during the summer in Pine Valley, temporal constancy functioned to
significantly reduce the positive effect of spatial constancy on daily movement in this
seasonal environment. Individuals who inhabited spatially predictable home ranges
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that were also highly temporally predictable (Figure 8, individual b) moved less per
day than individuals whose home range was spatially, but not temporally predictable
(Figure 8, individual a). As both spatial and temporal predictability increase,
maximum theoretical environmental predictability is approached (Figure 3c). Our
finding that spatial and temporal constancy interact to inform movement in this
limiting environment is important, as it indicates that variability of resources on the
landscape may become a larger factor for movement decisions when conditions drop
below a threshold of habitat quality.

These findings also have important implications when considering human-
caused environmental change. Changes in precipitation and temperature are
impacting mountainous regions, where plant phenology and resource availability is
linked closely to snow dynamics (IPCC Working Group, 2007; Post & Forchhammer,
2008; Stien et al., 2010), and causing low elevation, water-limited systems to become
even more arid (Cayan et al., 2010; Seager et al., 2007; MacDonald, 2010;
McLaughlin et al., 2017). In addition, human-development and use of wildlands
occurs predominantly in lower-elevation areas (Haggerty et al., 2018; Polfus &
Krausman, 2012) concurrent with winter ranges of temperate ungulates such as mule
deer, and often cluster around vital water sources (Polfus & Krausman, 2012). As
climate change, land-use change, and unfavorable vegetation succession shift the
quality, predictability, and availability of food resources in these seasonal
environments (Root et al., 2003; Svenning & Sandel, 2013), the efficacy and
efficiency of these regionally tuned foraging tactics may vary (Roese et al., 1991),
which could impact the energy balance, time budget, individual fitness, and
population demographics of foraging ungulates.

Small differences in forage quality can have disproportionate influence on
individual body condition and overwinter survival of ungulates (e.g. “multiplier
effects”) (Cook et al., 2004; White, 1983; Bender et al., 2007), and shifts in forage
quality and predictability may be especially impactful for mule deer, who are more
selective than other ungulates in regard to nutrient and biomass constraints (Collins &
Urness, 1983; Cox et al., 2009; Wallmo et al., 1977). This selectivity has the potential
to reduce the carrying capacity of mule deer seasonal habitats by increasing space
requirements of foraging individuals (Rivrud et al., 2019; Stephens & Krebs, 1986;
Pastor et al., 1997) or causing individuals to switch movement tactics (Robb et al,
2019). An additional consideration is behavioral and physiological thermoregulation
costs associated with a changing climate (Aublet et al., 2009; Sears & Angilletta,
2015), which could compound energetic costs of foraging if increased movement is
required to meet nutritional requirements under new seasonal dynamics. As foraging
energetics at the individual level are documented to scale up to impact population
parameters of mule deer (Heffelfinger, 2006; Monteith et al., 2014), shifts in
predictability could impact population viability (Post, 2005).
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Changes to forage quality and landscape predictability can impact ungulates’
fitness in other ways. Deer have been found to forage for longer when forage
availability (Parker et al., 2009) and quality (Wilmshurst et al., 1995) is lower, which
may increase their vulnerability to predation and hunting (Lima & Bednekoff, 1999;
Loudon et al., 1983), and landscape heterogeneity — which may be altered by both
climate change and human development — is also well documented to moderate
predator prey interactions (Gorini et al., 2011; Altendorf et al., 2001; Proffitt et al.,
2009). In addition, reductions in environmental predictability due to a changing
climate may make anthropogenic resources (e.g., cropland, irrigated lawns) more
attractive, resulting in increased residence of ungulates near human development
(Barker et al., 2019; Robb et al., 2019). Greater animal density in proximity to human
development may increase rates of human-wildlife conflict such as crop depredation
and wildlife-vehicle collisions, which are costly and impact the welfare of humans
and wildlife alike (Gill et al., 1992; Bissonette et al., 2008; Sawyer et al., 2016).

If ungulate populations are unable to adapt to these human-driven impacts due
to low plasticity in their movement behavior, landscape changes may have highly
negative individual fitness and population-level consequences (Robertson et al.,
2013). Relative to other ungulate species, mule deer have demonstrated low
behavioral plasticity in regard to migratory propensity (Sawyer et al., 2019) and have
high site (Morrison et al., 2021) and route fidelity even to areas that have experienced
human development (Wyckoff et al., 2018), which may indicate their vulnerability to
rapid environmental change. As the American Southwest is projected to experience
substantial impacts from climate change (Dillon et al., 2016; Walther et al., 2002;
Watkins et al., 2007; Field & Barros, 2014) and is currently observing high rates of
human population growth and development expansion (Hansen et al., 2014),
understanding how mule deer move in response to dynamic resource landscapes is
crucial for their conservation and management.

Mule deer are a cosmopolitan species with a wide distribution,
covering many habitat types and climatic zones and the two populations examined
here offer an interesting contrast. While it is easy to conceive that spatial and
temporal constancy of resources would reduce organisms’ need to move, | have
identified that vegetation predictability leads to greater movement when interacting
with certain home range and ecosystem qualities. Our results emphasize the
importance of considering ecological context when examining drivers of animal
movement and highlight the role of environmental predictability in informing unique,
fine-scale movement tactics.

Here | have focused on small scale movement in the context of individual
home range-scale vegetation predictability. Our work underscores the utility of forage
constancy as a quantitative metric driving animal movement at both large and small
scales and emphasize the need to consider ecological context by studying species’
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response to dynamic resource landscapes at the population level and in a seasonal
context. In this study | calculated average environmental predictability over the
course of a site-specific season and examined it in the context of mean daily distance
traveled within that season. I urge future research to relate home range predictability
to quantitative metrics of animal fitness (e.g., fat gain) and build on this work by
conducting temporally and spatially explicit analyses to understand how inter-season
predictability dynamics and landscape configuration direct patterns of animal
movement and space use.

Spatial predictability likely changes over the course of the season as plant
quality shifts (Van Soest, 2018), and vegetation composition may mediate these
dynamics. In landscapes with herbaceous forage, vegetation greenness is more
dynamic within a season and responds quickly to rain events whereas shrub-
dominated landscapes are more stable over time in regard to NDVI (Moreno-De Las
Heras et al., 2015). Examining if changes in spatial predictability through time drive
temporal patterns in individual daily movement and space use could help us identify
periods where climate events (e.g., drought, fires, rain) may be most impactful for
moving animals. Additionally, if specific vegetative assemblages are associated with
stable spatial predictability, habitat restoration efforts can be targeted to promote
these assemblages.

Animals’ use of environmental predictability as a source of environmental
information may also change over time. For migrating ungulates, Bauer et al (2020)
determined that predictability along different sections of the migration route was not
equally important in dictating timing of relocations and fitness outcomes.
Determining how the effect of predictability on movement shifts over the course of
the year or season will further elucidate how climate events and general climate
change may impact ungulate populations.

Finally, during this analysis I did not examine NDV1 values in a spatially
explicit manner (i.e., examining clustering or dispersion of values). Calculating
temporal constancy in conjunction with spatial structure (e.g., using Moran’s I to
determine if temporally predictable locations are clustered in space) would help
disentangle the effects of forage availability and spatial configuration on daily
relocation decisions.

Conclusion

Linking movement to environmental drivers is a complex task. Movement
strategies are variably expressed within ecosystems (Jonzén et al., 2011) and
available forage is only one of several habitat considerations for moving animals.
Unexplained variance in daily movement is likely results from additional
environmental factors such as water availability (Woods et al., 2001), human
development (Lendrum et al., 2012), presence of pests (Johnson et al., 2021), and
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predation risk (Latombe et al., 2014). Other factors impacting ungulate movement
include intra- and inter-specific (Johnson et al., 2000) interactions and time-specific
energetic cost of specific life-history stages (Long et al., 2009). These factors are
numerous and interacting and complicate our ability to isolate and identify movement
patterns resulting from predictability of forage resources.

Additionally, understanding the role of environmental predictability in animal
movement ecology is complicated by feedbacks between movement causes and
consequences. Predictability plays a primary role in the evolution of movement-
related abilities and establishment of relocation tactics and in turn, these traits and
behaviors determine if environmental predictability is perceived, how and if it is
utilized, and the environments and locations used by an organism. Simply put,
movement directed by environmental predictability influences the amount of
predictability experienced, creating an “experiential niche” (Snell-Rood & Steck,
2019; Shaw, 2020).

Understanding how environmental predictability informs movement behavior
at multiple scales is fundamental to the fields of movement ecology and animal
behavior and is important for wildlife conservation and management in our
increasingly changing world. Mule deer populations have declined sharply in the
1990s, but the factors contributing to this decline are disputed and remain largely
unknown (Heffelfinger & Messmer, 2003; Heffelfinger, 2006; Unsworth et al., 1999;
Bergman et al., 2015). Our findings link environmental predictability and mule deer
movement and may represent an important mechanism driving population
demographics. Maintenance of seasonal movement and space use of large ungulates
such as mule deer is extremely crucial, as these behaviors impact the health and
functioning of larger communities, and ecosystem processes (Bauer & Hoye, 2014;
Frank, 1998; Shaw, 2020).
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Supplemental Material

Supplementary Table 1 Spearman’s correlation between number of animal fixes and home range area

and daily distance.

Range
North Slope Summer
North Slope Winter

Pine Valley Summer

Pine Valley Winter

Daily Distance

HR Area

-0.06384956
0.199559
0.2213168
0.3133888

-0.02463621

0.01244084

-0.1206117

0.06395287

Supplementary Table 2 Summary of season dates, fix numbers, unique seasons, and total number of
seasonal home ranges included in analysis.

Range

North Slope Summer

North Slope Winter

Pine Valley Summer

Pine Valley Winter

Julian Calendar _Fixes Years // Unique N
(min // max) Seasons
170-260 Jun 19 — Sep 17 121 // 182 2018 — 2021 // 4 119
Jan1-Apr 10 &
1100 & 320365 jon L A0S 192 // 294 20182022 // 4 151
140-250 May 20— Sep 7 7511 222 2016 - 2021 // 6 248
1-70 & 310-365 ~ Janl-Marll& 91 // 254 20152022 // 7 362

Nov 6 — Dec 31
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Supplementary Figure 1 Deer seasonal home range area (natural log scaled) and average distance
traveled (natural log scaled).
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Supplementary Figure 2a Deer home range area and spatial constancy.
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Supplementary Figure 2b Deer home range area and temporal constancy.
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Supplementary Figure 3a Effect plots for interaction between home range area and spatial constancy.
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Supplementary Figure 3b Effect plots for interaction between home range area and temporal
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Supplementary Figure 3c Effect plots for interaction between forage availability (mean NDVI) and
spatial constancy.

37



&
d
&
? o Temporal Constancy
E‘ & v v v . , . : — 97.5th
E_ Q"’ ef"’ Q-bb Q'\" Ny o N N w— 50.0th
8 i s — 2.5th
R *
A & s
\.\§' \§
& 0@-
RO TR T S S &S &S
NDVI

Supplementary Figure 3d Effect plots for interaction between forage availability (mean NDVI) and
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Supplementary Figure 4 Effect plot for random effects of year used in linear mixed models. Point
represents mean effect and black bars denote the 95% confidence interval.
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Supplementary Figure 5 Effect plot for random effects of animal ID used in linear mixed models.
Point represents mean effect and black bars denote the 95% confidence interval.
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